Introduction
============

Ureas are frequent intermediates in organic synthesis and appear in resin precursors, dyes, and agrochemicals.[@cit1],[@cit2] However, their most prominent role is in pharmaceuticals, where they are key functional groups in a host of medicinal compounds[@cit3] such as antibacterial,[@cit4] antiatherosclerotic,[@cit5] antidepressant,[@cit6] and anticancer[@cit7] drugs. The most prevalent metal-free methods for synthesizing ureas use highly toxic or dangerous starting materials, such as phosgene and its derivatives, isocyanates, azides,[@cit8]--[@cit10] or carbon monoxide (CO).[@cit9],[@cit11] Carbon dioxide (CO~2~) can be used as a non-toxic urea precursor, but these reactions typically require high temperatures and pressures, expensive dehydrating agents, or strong bases.[@cit9] Additionally, all current metal-free methods produce stoichiometric amounts of inorganic salts as waste.

Transition metal catalysis is a potential strategy for improving the preparation of ureas. Of the most highly explored methods, the synthesis of symmetric ureas *via* the metal-catalyzed oxidative carbonylation of amines requires high catalyst loadings, generally gives low yields, and often forms significant amounts of side products (such as oxamides, carbamate esters, or CO~2~). Furthermore, elevated pressures of CO and harsh oxidizing conditions are needed.[@cit12]--[@cit16] Urea generation through the metal-catalyzed reaction of CO~2~ and substituted amines requires high temperatures and pressures and base additives, and the reaction yields and scope are poor.[@cit17]--[@cit21] Metal-catalyzed dehydrogenative coupling approaches for urea synthesis avoid concerns about high pressures and have the advantage of producing dihydrogen (H~2~) as the only byproduct. Unfortunately, the few examples of dehydrogenative coupling of formamides and amines[@cit22]--[@cit25] and amide cross-coupling[@cit26],[@cit27] require high catalyst loadings (2--5 mol%) and most also need a stoichiometric peroxide additive. In addition, the preparation of the formamide starting materials is often tedious and typically employs harsh formylating reagents.[@cit30] A desirable alternative is to instead dehydrogenatively couple methanol with an amine to form a formamide intermediate. Subsequent dehydrogenative coupling of the formamide with another equivalent of amine generates a urea (and H~2~; [Scheme 1](#sch1){ref-type="fig"}). The paucity of catalysts suitable for even the first step of this transformation is demonstrated by the fact that while numerous metal catalysts are capable of dehydrogenative amidation,[@cit28] only four exhibit any activity with respect to coupling methanol and amines to formamides in the absence of harsh oxidative conditions,[@cit29]--[@cit32] and only one of those does so with turnover numbers (TONs) greater than 50.[@cit32] The incorporation of primary amines into dehydrogenative amidation and ureation reactions faces the additional challenge of potential imine formation *via* dehydration from a plausible hemiaminal intermediate.[@cit33] While imines can be valuable and dedicated dehydrogenative imination catalysts exist,[@cit34]--[@cit36] in the case of ureation they represent undesirable side products that detrimentally affect selectivity. As primary amines are required for dehydrogenative ureations that proceed through isocyanate intermediates, the minimization or elimination of imination further restricts the suite of suitable catalysts.

![Metal-promoted pathway for dehydrogenative urea formation.](c8sc00775f-s1){#sch1}

Recently, Kim and Hong described the sole example of catalytic urea formation directly from methanol and amines ([Fig. 1](#fig1){ref-type="fig"}).[@cit37] Their precious metal ruthenium catalyst exhibits high selectivities and excellent yields for the production of symmetric and unsymmetric ureas, with TONs of up to 190 and 15, respectively, and its applicability toward reversible[@cit38] hydrogen storage has been demonstrated.[@cit39] However, the synthesis of unsymmetric ureas requires high catalyst loadings and a complicated two-step process. To date, no base-metal catalysts for the production of ureas from methanol and amines have been described, with the most closely related examples instead relying on formamide starting materials[@cit24] or isocyanate reagents.[@cit40] Base-metal catalysts for dehydrogenative urea synthesis are particularly desirable for pharmaceutical applications where there are stringent requirements regarding product separation from toxic metals.[@cit41] Previous work in our laboratories has shown the catalytic ability of iron-pincer complexes of the type ^R^PNPFe(H)(CO) (^R^PNP = *N*\[CH~2~CH~2~(PR~2~)\]~2~, R = ^i^Pr, Cy) for both methanol dehydrogenation[@cit42] and the dehydrogenative amidation of alcohols with secondary amines,[@cit32] suggesting the applicability of this class of compounds toward ureation. Herein we report the use of ^iPr^PNPFe(H)(CO) (**1**, [Fig. 1](#fig1){ref-type="fig"}) in the first base-metal catalyzed dehydrogenative coupling of methanol and primary amines to selectively form ureas. This system exhibits excellent activities in the absence of any additives and has been employed to isolate ureas on a scale of several hundred milligrams, corresponding to TONs of up to 160 for symmetric ureas and 176 for unsymmetric ureas.

![Ruthenium and iron catalysts for symmetric and unsymmetric urea formation from dehydrogenative coupling.](c8sc00775f-f1){#fig1}

Results and discussion
======================

Catalytic studies
-----------------

Due to the relative insolubility of 1,3-dicyclohexylurea in most organic solvents and the corresponding ease of post-reaction isolation, initial investigations into the ability of **1** to catalyze the formation of symmetric ureas employed methanol and cyclohexylamine as the substrates. A promising TON of 23 for the formation of 1,3-dicyclohexylurea was observed using a one to four molar ratio of methanol to amine and 0.5 mol% of **1** in 5 mL tetrahydrofuran (THF) at 80 °C for 8 hours. Empirical optimization of the reaction resulted in minimal improvements (Tables S1--S5[†](#fn1){ref-type="fn"}) except for increasing the reaction temperature, which nearly tripled the TON for urea formation to 66 ([Table 1](#tab1){ref-type="table"}, entry 12). While the total yield of urea is modest (*ca.* 33%), sterics may play a limiting kinetic role given the need to attach two amine substrates to the methanol-derived carbonyl carbon of the urea.
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^*a*^Reaction conditions: 3 mmol methanol, 12 mmol amine, 0.5 mol% **1**, 5 mL THF at 120 °C for 8 hours. Each entry is an average of two trials unless otherwise indicated.

^*b*^Average of three trials.

^*c*^Based on yield of isolated urea of \>99% purity (as determined by ^1^H NMR spectroscopy) unless otherwise indicated.

^*d*^\>98% purity.

^*e*^\>97% purity.

^*f*^Mixture of isomers, ∼75 : 25 *cis* : *trans*.

The encouraging preliminary results prompted examination of the substrate scope for dehydrogenative ureation ([Table 1](#tab1){ref-type="table"}). The most productive substrates were terminal alkylamines, with pentylamine giving the highest TON of 160 (80% yield, [Table 1](#tab1){ref-type="table"}, entry 1). Small steric changes such as using a branched alkylamine (isobutylamine, entry 2) or elongating the alkyl chain (heptylamine, entry 3) did not significantly alter catalyst performance. Likewise, capping the alkylamine chain with a methoxy group (2-methoxyethylamine, entry 4) afforded good yields. However, switching from a terminal amine (entry 3) to an internal amine (2-aminoheptane, entry 5) significantly decreased the TON. While initial amidation proceeded favorably (TON = 53 for the formamide), it is possible that the sterically hindered internal amine significantly increased the barrier either for attack by a second equivalent of amine or for the dehydrogenation of intermediates necessary to form the corresponding symmetric urea.

Electronic influences were probed using a series of benzylamine derivatives (entries 6--10) and it was found that the presence of electron-donating substituents such as methoxy and methyl in the *para* position of the benzyl moiety enhanced the TON (entries 6 and 7, respectively) compared to unsubstituted benzylamine (entry 8). An electron-withdrawing substituent such as a trifluoromethyl group slightly decreased the TON (entry 9). These substituent changes affect the nucleophilicity of the amine substrate which likely explains this trend in TON. Attempts to decrease steric hindrance by switching from benzylamine to 2-phenethylamine had little effect (entries 8 *versus* 10, respectively), although it is possible that the increased flexibility in the short carbon chain could counteract some of the desired steric relief. Entries 11 and 12 demonstrate that while smaller ring structures can still perform reasonably well, there is significant steric hindrance that increases rapidly with size, as the change of a cyclopentyl group to a cyclohexyl group dropped the TON by nearly half. The attempted synthesis of a cyclic urea (entry 13) from a diamine was successful, although it gave a poor yield compared to its monoamine counterpart (entry 12). This could be partially due to the *cis*/*trans* mixture of the starting amine (∼60 : 40), as formation of the strained *trans* product is less favorable compared to its *cis* counterpart (though both *cis* and *trans* products were observed), thereby detracting from catalytic performance. However, analogous experiments by Kim and Hong displayed a similar reduced activity toward diamines that was attributed to amine coordination effects, which could also be involved here.[@cit37] Finally, aniline and its methyl derivative (entries 14 and 15) reacted poorly under these conditions, giving very little conversion to corresponding formamides and no detectable urea. This is attributed to a lack of nucleophilicity from the poor electron donation of the aryl substituent, which has been a common obstacle for catalytic dehydrogenative coupling reactions using amines.[@cit43] Addition of a co-catalytic amount of exogenous base did little to overcome these limitations (Table S6[†](#fn1){ref-type="fn"}). Overall, **1** represents one of only two examples of metal complexes capable of catalyzing urea synthesis from alcohols and primary amines. It has the advantage of containing a cheaper, more abundant base metal while still displaying good yields in the production of symmetric ureas from a range of substrates, without the formation of imines. Furthermore, in several cases **1** affords isolated pure urea product on a synthetically useful scale.

Encouraged by the performance of **1** in the synthesis of symmetric ureas, further investigations addressed the preparation of unsymmetric ureas,[@cit44] which are most prevalent as key functional groups in pharmaceuticals.[@cit6] While unsymmetric ureas can be acquired *via* the transamidation of ureas, either by metal-free[@cit9] or metal-catalyzed[@cit44] means, these methods have limited scope, can require base or reductant additives, and suffer from the same toxicity issues in generating the urea starting materials. Kim and Hong accessed these products from methanol and amines using a one-pot, two-step method that, while effective, required significant and sequential catalyst loadings (6 mol% total, added in two portions) and was restricted to benzylamine as a substrate. The direct reaction of methanol with two different primary amines has been shown to result in a distribution of symmetric and unsymmetric ureas,[@cit37] so our approach focused on selectively forming unsymmetric ureas from the reactions of formamides and amines ([Table 2](#tab2){ref-type="table"}). As previously mentioned, the few metal-catalyzed examples of this process exhibit very low TONs (\<50).[@cit23]--[@cit25] Re-optimization of the reaction conditions for producing unsymmetric rather than symmetric ureas using **1** resulted in a change of the ratio of starting materials (to 1 : 1 formamide : amine) and in reaction time from 8 hours to 16 hours (Tables S7--S9[†](#fn1){ref-type="fn"}). Initial experiments involving benzylformamide and cyclohexylamine gave excellent yields of the desired unsymmetric urea ([Table 2](#tab2){ref-type="table"}, entry 1) with high selectivity. However, it was found that some scrambling of the starting formamide or the unsymmetric product (or both) had occurred to give trace amounts of both symmetric ureas ([Scheme 2](#sch2){ref-type="fig"}). Further experiments under catalytic conditions showed that scrambling of the starting formamide can occur in small amounts in the absence of catalyst, but suggested an iron-catalyzed enhancement of this process (Table S10[†](#fn1){ref-type="fn"}). NMR experiments also indicated that while hydrogenation of the unsymmetric urea product to the opposing formamide and amine pair could occur, it was a very minor process (*ca.* 1.5% conversion) under the conditions studied (10 mol% **1**, THF-d~8~, 120 °C, 16 hours, 1 atm H~2~; Fig. S1[†](#fn1){ref-type="fn"}). Additional NMR experiments revealed that the urea product can undergo further reactions with both amines and formamides in solution, providing yet another pathway to the observed scrambling (Fig. S2--S4[†](#fn1){ref-type="fn"}). While insightful, these experiments did not distinguish whether scrambling of the starting formamide or of the product urea was the predominant process for producing the undesirable symmetric ureas (Fig. S5[†](#fn1){ref-type="fn"}). Catalytic trials involving the opposing reactant pair of cyclohexylformamide and benzylamine ([Table 2](#tab2){ref-type="table"}, entry 3) revealed a significant decrease in selectivity, presumably due to a corresponding increase in the rate of scrambling compared to unsymmetric ureation.

###### Dehydrogenative unsymmetric urea formation from formamides and amines catalyzed by **1**[^*a*^](#tab2fna){ref-type="fn"}
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^*a*^Reaction conditions: 3 mmol formamide, 3 mmol amine, 0.5 mol% **1**, 5 mL THF at 120 °C for 16 hours. Each entry is an average of two trials.

^*b*^Isolated yield.

^*c*^Based on formamide consumption.

^*d*^Selectivity: percentage unsymmetric urea (compared to symmetric ureas) in final product.

![Potential scrambling pathways in unsymmetric urea formation.](c8sc00775f-s2){#sch2}

Efforts to enhance yield through minor substituent manipulation did not have a significant effect. While 4-methoxybenzylamine and pentylamine were both high-performing substrates for the formation of symmetric ureas, there was little advantage to the *N*-(4-methoxybenzyl)formamide and pentylamine combination over benzylformamide and cyclohexylamine in either TON or selectivity ([Table 2](#tab2){ref-type="table"}, entry 2). This indicated that starting from combinations of formamides and amines that minimized scrambling (for example, benzylformamide or its derivatives rather than cyclohexylformamide) was far more important than small electronic or steric changes in substituents. As a result, other experiments with respect to unsymmetric urea production focused on species that were reminiscent of medicinally-relevant ureas (entries 4--6).[@cit6]

Although the initial reaction of isobutylformamide and ethanolamine did not yield urea, changing the --OH group on the amine to a methoxy group (entry 4) gave excellent turnover, albeit with poorer selectivity than for formamides containing benzyl derivatives. The failure of ethanolamine was attributed to its preference for forming an iron-alkoxide species with the catalyst.[@cit32] The production of unsymmetric ureas containing an aniline moiety on one side is highly desirable in a variety of medical applications including for antitumor and anticonvulsant agents,[@cit4],[@cit7],[@cit45] however, formanilide was a poor substrate for dehydrogenative coupling and scrambling to form the more active pentylformamide was observed as the primary process (entry 5). A similar lack of nucleophilicity is reflected in the amine of entry 6 as only formamide scrambling was observed with benzylformamide (a known active substrate). Overall, while the possibility of obtaining unsymmetric ureas in high yields with good selectivities was demonstrated, it was found that kinetic control was far more important than qualitative changes in sterics or electronics. As a result, a full substrate scope would not be as informative and was not performed. Regardless, **1** exhibits TONs over three times greater than the existing catalysts for this method of obtaining unsymmetric ureas[@cit23]--[@cit25] and the one-pot two-step method starting from alcohol and amine,[@cit37] and has the added benefits of being both base-metal-catalyzed and additive free.

Mechanistic studies
-------------------

There are two main pathways proposed for urea formation, as shown in [Scheme 3](#sch3){ref-type="fig"}. Kim and Hong postulated that after initial dehydrogenative amidation (that can proceed *via* either a hemiaminal or hemiacetal intermediate), their ruthenium-catalyzed ureation followed path (a) to generate an aminal, followed by metal-catalyzed dehydrogenation to yield the urea product.[@cit37] Alternatively, isocyanate intermediates (usually metal-bound) have been implicated in other metal-mediated urea formation reactions starting from amides,[@cit23],[@cit27] as well as in the majority of metal-free ureation cases.[@cit8],[@cit9] These examples would suggest path (b), whereby urea generation stems from metal-catalyzed dehydrogenation of a formamide to an isocyanate, followed by nucleophilic attack of an amine. Mechanistic investigations were therefore performed using **1** to elucidate whether iron-catalyzed urea formation proceeds *via* an aminal or an isocyanate intermediate. Our previous attempts to make a tetrasubstituted species, such as 1,3-dimorphylurea, were unsuccessful (Fig. S6[†](#fn1){ref-type="fn"}). This could be due to the inability of the secondary amide intermediate to undergo dehydrogenation to the isocyanate, although steric hindrance in generating a putative aminal intermediate cannot be ruled out. Therefore, a similar analysis was performed using two synthetic routes for the preparation of 1,1,3-tripentylurea ([Scheme 4](#sch4){ref-type="fig"}). While the NMR-scale reaction of pentylformamide and dipentylamine displayed approximately 80% conversion to the desired urea,[@cit46] the alternative combination of dipentylformamide and pentylamine did not produce any coupling product (Fig. S7--S8[†](#fn1){ref-type="fn"}). The main difference between these two routes is the ability of the starting formamide to form an isocyanate intermediate, as the sterics of the final product are identical. Further evidence for an isocyanate intermediate was obtained through the reaction of cyclohexylformamide with **1** in the absence of other reagents. In this reaction the iron-dihydride species (presumably generated from formamide dehydrogenation) was observed by NMR spectroscopy, along with cyclohexyl isocyanate (confirmed by GC analysis) as the sole organic product (Fig. S9[†](#fn1){ref-type="fn"}). These results indicate that iron-catalyzed dehydrogenative ureation most likely proceeds through an isocyanate intermediate as shown in [Scheme 3b](#sch3){ref-type="fig"}.

![Proposed pathways for metal-catalyzed urea formation from methanol and primary amines.](c8sc00775f-s3){#sch3}

![Formamide-dependent synthesis of 1,1,3-tripentylurea.](c8sc00775f-s4){#sch4}

Conclusions
===========

In conclusion, complex **1** displays excellent catalytic ability for urea formation *via* the dehydrogenative coupling of methanol and amines. While most precious metal catalysts for the coupling of alcohols and primary amines stop at the formamide, this base metal species has a rare propensity to undergo further coupling to the urea. The performance of **1** in the synthesis of symmetric ureas from methanol and primary amines rivals that of the only other (ruthenium catalyzed) example, and its TONs in the synthesis of unsymmetric ureas from formamides and primary amines are several times better than those of any existing catalysts. In addition, **1** performs these dehydrogenative reactions without the use of an exogenous base or a hydrogen acceptor, enhancing its environmental and economic profile. In contrast to the proposed behavior of the ruthenium catalyst, mechanistic studies suggest that in this case the final ureation step proceeds *via* an isocyanate intermediate. Trapping the transient isocyanate species with other reagents (such as alcohols to give urethanes)[@cit47] may provide alternative synthetic pathways to a suite of desirable compounds starting from dehydrogenative coupling. As previously observed in amidation reactions, however, **1** is highly sensitive to steric hindrance,[@cit32] which will necessitate further manipulation of the ancillary ligand environment to ensure its widespread utilization. Furthermore, the occurrence of reagent and product scrambling in the generation of unsymmetric ureas is a drawback to this application of catalyst **1**. This issue is not unique to iron and further understanding of ways to control scrambling outside of reagent selection will greatly expand the substrate scope and applicability of metal-mediated unsymmetric urea formation.
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